We have examined the effect of fentanyl on the pharmacokinetics of midazolam in patients undergoing orthopaedic surgery. Thirty patients were allocated randomly to receive fentanyl 200 g and midazolam 0.2 mg kg 91 (fentanyl group, n:15) or placebo and midazolam 0.2 mg kg 91 (placebo group, n:15) in a double-blind manner for induction of anaesthesia. Anaesthesia was maintained with nitrous oxide and isoflurane. Systemic clearance of midazolam was decreased by 30% (P:0.002) and elimination half-time was prolonged by 50% (P:0.04) in the fentanyl group compared with the placebo group. There were no differences in the distribution half-time or volume of distribution at steady state between the two groups. These findings indicate that elimination of midazolam was inhibited by fentanyl during general anaesthesia. (Br.
Midazolam is a widely used anaesthetic with a short duration of action. 1 2 It is metabolized by the hepatic microsomal cytochrome P4503A (CYP3A), 3 4 which is inhibited by various drugs, including antibiotics, antimycotics and calcium channel blocking agents, resulting in prolonged drowsiness and inhibition of psychomotor performance. [5] [6] [7] Midazolam is used frequently in combination with opioids for anaesthesia and sedation. CYP3A plays a role in the metabolism of fentanyl 8 and it may occur that one drug inhibits the metabolism of another drug when they are metabolized by the same P450 isozymes. 9 Therefore, the metabolism of midazolam may also be inhibited by simultaneously administered fentanyl, with prolongation of the duration of action of midazolam. Although the pharmacokinetics of midazolam have been studied extensively, 1 2 5-7 the effect of fentanyl on the pharmacokinetics of midazolam has not been elucidated. As midazolam frequently induces hypoxaemia and apnoea when used with fentanyl, 10 it is important to examine the effect of fentanyl on the pharmacokinetics of midazolam. Our objective was to investigate the effect of i.v. fentanyl on the pharmacokinetics of i.v. midazolam.
Patients and methods
The reference substance of midazolam was a gift from Hoffmann-La Roche Ltd (Nutley, USA). Diazepam and fentanyl were purchased from Takeda Pharmaceuticals Co. Ltd (Tokyo, Japan) and from Sankyo Pharmaceuticals Co. Ltd (Tokyo, Japan), respectively. Other reagents and organic solvents were obtained from Wako Pure Chemical Industries (Tokyo, Japan). A C18-column (TSKgel ODS-120T) was obtained from the Tosoh Corp. (Tokyo, Japan).
STUDY DESIGN
We used a double-blind, randomized, placebo-controlled study design with parallel groups. Based on our preliminary study, we determined that 15 patients would be needed in each group to demonstrate a 50% increase in the elimination half-time of midazolam at a level of significance of P:0.05 and power of 80%. Prolongation of the elimination halftime of midazolam inhibits psychomotor performance of patients and delays tracheal extubation after operation. 5 6 After obtaining approval from the Institutional Ethics Committee and written informed consent, we studied 30 patients, ASA I, aged 17-40 yr, undergoing orthopaedic surgery. Patients were allocated randomly to receive fentanyl or placebo. All staff in the operating room and in the recovery room were unaware of the randomization code. Exclusion criteria were hepatic dysfunction, heart disease, treatment with any known inhibitor or inducer of CYP3A enzymes, and morbid obesity. Patients undergoing laparotomy were also excluded.
All patients were premedicated with secobarbitone 100 mg and atropine 0.5 mg i.m., given 60 min and 30 min before induction of anaesthesia, respectively. Anaesthesia was induced with fentanyl 200 g i.v., followed by midazolam 0.2 mg kg 91 i.v. 1 min later (fentanyl group). Fentanyl was diluted with saline to a total volume of 10 ml and injected over 1 min. In the placebo group, the same volume of saline was administered instead of fentanyl, followed by midazolam 0.2 mg kg
91
. Isoflurane and 66% nitrous oxide in oxygen were used to maintain anaesthesia. Tracheal intubation was facilitated with vecuronium 0.1 mg kg 91 i.v. After tracheal intubation, the lungs were ventilated to maintain end-tidal carbon dioxide concentration at 4.6-5.3 kPa. End-tidal carbon dioxide tensions and concentrations of isoflurane were measured with a gas analyser (Capnomac Ultima, Datex Instrumentarium Corp., Helsinki, Finland). The minimum alveolar anaesthetic concentration hours (MAC-h) exposure was calculated from the percent anaesthetic concentration and duration of exposure. MAC values of 1.15% were used for isoflurane. 11 The trachea was extubated after operation and patients were transferred to the recovery room.
BLOOD SAMPLING AND MEASUREMENT OF PLASMA CONCENTRATIONS OF MIDAZOLAM
To measure plasma concentrations of midazolam, blood samples were obtained from an indwelling arterial cannula before and 5, 10, 15, 20, 30, 45, 60, 90 and 120 min after administration of midazolam, and every 60 min thereafter until 360 min. Additional blood samples were obtained to measure plasma concentrations of fentanyl at 5, 15, 60 and 180 min after administration of midazolam. Plasma was separated within 30 min and stored at 940 ЊC until analysis. The amount of blood collected for the study was less than 100 ml, and insignificant relative to surgical loss.
Plasma concentrations of midazolam were measured by high-pressure liquid chromatography (HPLC) using a method described previously with modifications. 12 Briefly, HPLC was carried out with a mobile phase consisting of 50% acetonitrile and 0.1% acetate (v/v) in distilled water at a flow rate of 1.5 ml min 91 at 45ЊC, with midazolam and an internal standard, diazepam, detected at a wavelength of 250 nm. The limit of quantitation was 1 ng ml
91
. The coefficients of day-to-day variation were 8.6% at 30 ng ml 91 (n:18) and 5.1% at 500 ng ml 91 (n:17). Fentanyl was quantified by a radioimmunoassay technique as reported previously. 13 14 
PHARMACOKINETIC CALCULATIONS AND STATISTICS
The pharmacokinetics of midazolam were analysed with a two-compartment open model using SAAMII for the Macintosh computer (SAAM Institute, Seattle, WA, USA) as reported previously. 2 The pharmacokinetics of midazolam were characterized by systemic clearance (Cl), distribution and elimination half-times (T 1/2 ␣ and T 1/2 ␤ , respectively) and steady-state volume of distribution (V ss ). Systemic clearance was defined as dose/areas under the plasma concentration-time curves (AUC). AUC was calculated by the trapezoidal rule, and other pharmacokinetic variables were calculated using standard formulae. 1 All data are expressed as mean (SD). Patient characteristics and pharmacokinetic variables of the groups were compared using the Student's t test. Data were analysed with the Statview J version 4.5 (Abacus Concepts, Inc., Berkeley, USA) and differences were considered significant if P:0.05.
Results
There were no significant differences between the two groups in patient age, weight, height or duration of anaesthesia (table 1) . There were no significant differences in isoflurane MAC-h between the two groups. Arterial pressure and heart rates were almost unchanged and there were no differences between the groups at any blood sampling time during the study. All patients awoke immediately after discontinuation of inhalation anaesthesia, and the trachea was extubated. No patient developed hypoxia or hypercapnia after operation. Duration of anaesthesia was less than 360 min for 13 patients in the placebo group and for 13 patients in the fentanyl group, and blood sampling was performed in the recovery room after the end of operation. Systemic clearance, V ss , T 1/2 ␣ and T 1/2 ␤ for midazolam in the placebo group were similar to those reported previously. 5 6 There were no differences in V ss or T 1/2 ␣ between the placebo and fentanyl groups (table 2). In the fentanyl group, systemic clearance of midazolam was decreased by 30% (P:0.002) and T 1/2 ␤ was prolonged by 49% (P:0.04) compared with the placebo group, suggesting that elimination of midazolam was prolonged by a single dose of fentanyl administered 1 min before midazolam ( fig. 1, table 2 ). Plasma concentrations of fentanyl were 3.57 (1.29), 1.70 (0.54), 0.78 (0.23) and 0.48 (0.12) ng ml 91 at 5, 15, 60 and 180 min after administration of midazolam (n:6), and comparable with those reported previously.
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Discussion
There are many reports describing the pharmacokinetics of midazolam with or without opioid analgesics, 1 2 5-7 and combined use of midazolam with such analgesics has been shown to have a supraadditive hypnotic effect and to induce respiratory depression. 10 16 However, there have been no studies of the effect of fentanyl on the pharmacokinetics of midazolam. In this study, we found that fentanyl reduced significantly the clearance of midazolam in a anaesthetic procedure commonly used in clinical practice. Plasma concentrations of midazolam were less than the amnesic level at the end of operation, and no patient exhibited delayed emergence from anaesthesia. However, the prolonged effects of midazolam were reported to be a result of inhibition of clearance of midazolam, 6 7 suggesting that persistent amnesia and respiratory depression may occur when midazolam is used with fentanyl.
The pharmacokinetics of midazolam are influenced by agents which are metabolized by CYP3A or influence CYP3A activities, including antibiotics, antimycotics and calcium channel blocking agents. [5] [6] [7] As fentanyl is also metabolized selectively by CYP3A, 8 the decrease in systemic clearance of midazolam observed in our study was probably induced by competitive inhibition of CYP3A by fentanyl. Isoflurane is also metabolized by cytochrome P450, whereas CYP2E1 is involved exclusively in the metabolism of isoflurane, and isoflurane has no effect on CYP3A activity. 17 18 We used secobarbitone for premedication in both groups. Although some barbiturates induce CYP3A isoforms, it takes several days to increase the level of CYP3A in the liver and to influence drug metabolism in vivo. 19 20 In this study, plasma concentration of midazolam was measured within 7 h after administration of secobarbitone, suggesting that secobarbitone had no effect on the CYP3A level and pharmacokinetics of midazolam.
Metabolism of midazolam may also be influenced by hepatic blood flow, as the hepatic extraction ratio of midazolam is intermediate. 1 Hepatic blood flow is decreased by hypocapnia, positive pressure ventilation and laparotomy. 21 22 In our study, normocapnia was maintained and no patient underwent laparotomy. Although isoflurane may also affect hepatic blood flow, 23 the mean concentration of isoflurane was comparable in the two groups. Moreover, the pharmacokinetic variables in the placebo group were comparable with those reported for healthy volunteers, 5 6 suggesting that isoflurane and positive pressure ventilation had negligible effects on the pharmacokinetics of midazolam in our study. To our knowledge, there are no reports on the effect of fentanyl on hepatic blood flow in humans in vivo. In a study using animals, fentanyl had no effect on hepatic blood flow. 24 Plasma concentrations of fentanyl in the fentanyl group were comparable with those after i.v. administration to volunteers without concomitant drugs. 15 As wide inter-individual variations are reported for fentanyl pharmacokinetics and pharmacokinetic variables were not obtained as a result of the small number of sampling points in this study, 15 the reason for this finding remains unclear.
Recently, a contribution of CYP3A in the intestine to the metabolism of midazolam has been reported. 25 Because midazolam undergoes first-pass elimination in the intestine, intestinal CYP3A activities should be considered when the pharmacokinetics of orally administered midazolam are analysed.
In summary, we found that the clearance of midazolam was decreased by a single dose of fentanyl, probably as a result of competitive inhibition of CYP3A activity.
